An investigation has been made of the relation between axon diameter, fibre diameter, and myelin sheath thickness in myelinated nerve fibres from the peroneal nerve of the rabbit. Fibres were measured: (a) in the normal nerve, and (b) during regeneration following nerve crushing.
In the normal nerve, fibres ranging in diameter from 1 to 20 ju, were present. These had axons with diameters from 0-5[i in the smallest, to about 15 fi in the largest fibres. The 0*5 fi axons had myelin sheaths about 0*5[i thick, while the largest axons had sheaths about 2*5[i thick. Between these extremes the cuyve relating sheath thickness to axon diameter was at first steep, and then more gradual in slope.
In regenerating nerve fibres 15 mni. proximal to the site of lesion the axons decline steadily in diameter during the first period of regeneration (100 days). Thereafter they increase in size, although even after 300 days the largest axons have not regained their normal diameter. The axons, 10 mm. below the lesion, extremely thin at their first .appearance, increase steadily in diameter, until, 300 days after injury they equal in diameter the axons of the proximal stump.
The decrease in diameter of axons proximally is accompanied by an absolute increase in their myelin sheath thickness. This takes place first of all without any alteration in the total diameter of the fibres concerned, the increase in thickness of the myelin compensating the decrease in axon diameter. Between 60 and 100 days after injury, however, continuing axon decrease is accompanied by a decrease in the total diameter of the fibres. Between 100 and 200 days an increase in total fibre diameter parallels the increase in axon diameter, the myelin sheaths remaining abnormally thick. Between 200 and 300 days after injury the continued increase in axon diameter causes a diminution in myelin sheath thickness. Even at 300 days after injury, however, the sheaths are still thicker than in normal nerve.
In the distal stump the myelin sheaths, when first developed, are thicker than those of fibres of corresponding diameter in normal nerve. Subsequently they grow still thicker, reaching their maximum thickness about 200 days after nerve injury. Between 200 and 300 days a slight diminution in sheath thickness occurs since the axons continue to increase while the total diameter remains the same. However, even at 300 days the sheaths are still thicker than normal.
The bearing of these results on the nature of the forces maintaining the structure of nerve fibres is discussed.
The thickness of the myelin sheaths of normal and regenerating peripheral nerve fibres I n t r o d u c t io n All nerve fibres are surrounded by a sheath which contains radially orientated lipide molecules and tangentially arranged protein molecules, the two components forming a concentrically layered structure; indeed, the presence of a sheath of this type seems essential for the propagation of the nervous impulse (Schmitt & Bear 1939) . In those mammalian nerve fibres which exceed 1 to 2p in diameter there is enough lipide present to cause the sheath to blacken in osmium tetroxide solutions, and it is such fibres which are conventionally termed 'myelinated'. There is no doubt th at it is the possession of a relatively thick sheath containing a high pro portion of lipide which gives these fibres their high rate of conduction compared with 4non-myelinated' fibres of similar diameter, although it is not known which is the significant variable; sheath thickness, or the proportion of lipide in the sheath (see Pumphrey & Young 1938; Schmitt & Bear 1939; Taylor 1942; Taylor & Werndle 1943; Sanders & Whitteridge 1946 ). * In mammalian mixed somatic nerves the 'myelinated' fibres range in size from 20
/ it o about \ p bi n stained preparations (Duncan 1934 thickness and composition (Schmitt & Bear 1939) . When such nerves are inter rupted, both the myelin sheaths and the axons of the peripheral stump disintegrate and are removed, reinnervation being accomplished by the outgrowth of fresh axons from the central stump. Later (Gutmann & Sanders 1943) it was shown that regeneration tends to restore a frequency distribution of fibre sizes in the nerve similar to that which was originally present, although complete reconstitution of the nerve does not occur except after simple localized crushing. Hence, as the degree of myelination of nerve fibres also has functional importance, we may suppose th at regeneration will tend to restore fibres whose sheaths have the appropriate thickness and ultrastructure. However, while it is well known that regenerating 'myelinated' nerve fibres are at first thin and 'non-myelinated', and only later acquire osmium tetroxide-reducing sheaths complete with Ranvier nodes (Hentowa 1934; , the later phases of remyelination have been little studied. We do not know what controls the thickening of the concentrically layered lipo-protein sheath initially formed around a nerve fibre, although the size of the axon which the sheath surrounds is possibly a factor (see Duncan 1934; Schmitt & Bear 1939) .
I t was with this possibility in view th at the experiments described in the present paper were undertaken. The paper reports a series of measurements of the sheath thickness and axon diameter of 'myelinated' nerve fibres at different times after the interruption of the nerve by crushing. Besides the regenerating fibres in the peripheral stump, their parent fibres in the central stump were also measured. Greenman (1913) and Gutmann & Sanders (1943) found th at during regeneration the myelinated fibres of the central stump underwent a reduction in total diameter. When the nerve had been crushed this decrease was progressive for about 130 days after injury, and thereafter the diameter gradually increased to the normal value. The decrease in total diameter of the central stump fibres was accompanied by a corresponding increase in diameter of the new fibres in the periphery, and it was suggested that part, at least, of this increase was due to a flowing down of axoplasm from parent fibres in the central stump. The suggestion was based, however, on the results of measuring total diameters (i.e. axon + myelin sheath) of a large number of fibres, and has been criticized by Hammond & Hinsey (1945) who suggested that an apparent diminution in the mean fibre diameter of the central stump could be produced by the presence of small regenerated fibres which had doubled back at the lesion and grown up the central stump. Although such a doubling back rarely occurs following a crush lesion it was thought desirable to undertake a revaluation of the data in terms of axon diameters, which would provide a much better measure of axoplasmic outflow. For example, a transient demyelination of the central stump fibres could produce an apparent shrinkage in total diameter, without any change in the axoplasm content. Measurements of fibres central to the lesion were there fore undertaken to discover whether the shrinkage observed during regeneration in these fibres was indeed due to a loss of axoplasm, or to some other process.
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M et h o d s
All the measurements were made upon fixed and stained myelinated nerve fibres. Pieces of nerve were removed from four rabbits whose peroneal nerves had been interrupted by firm localized crushing with smooth-tipped forceps 60,100, 200, and 300 days previously. The lesion was in each case made approximately 80 mm. above the level of entry of the nerve into the most proximal of the muscles it supplies and approximately 100 mm. below the spinal cord, and at biopsy pieces were taken (a) from the central stump 15 mm. above the lesion, and ( ) from the peripheral stump 10 mm. distal to the site of crushing. Specimens of normal nerve at similar levels were also taken from five previously unoperated animals.
The nerves, lightly stretched on pieces of library card, were fixed in Flemming's osmo-chrome-acetic mixture. They were sectioned transversely a t 4 to 5/t and stained according to the modified Weigert technique described by Gutmann & Sanders (1943) . Parts of sections were selected in which there was the least distor tion of the myelin sheaths, and photographs made of each nerve at a magnification of 1200 diameters by direct projection through the microscope on to bromide paper. Using the photographs obtained in this way, measurements were made with a travelling microscope of the inside (a, figure 1 ) and outside ( , figure 1) diameters of selected fibres. The inside and outside diameters were measured twice for each fibre, the two measurements being made in directions at right angles to one another. The means of the two values of a and d obtained in this way were recorded as the axon and total diameter of the fibre in question. In the case of normal nerve, central stumps, and the 200-and 300-day regenerates, where a considerable range of fibre sizes was present, 160 to 200 fibres were measured in each nerve. In the two early regenerating stumps (60 and 100 days), 100 and 133 fibres were measured. In every case the fibres were chosen so th at the population of measurements lay evenly scattered over the range of fibre sizes.
21-2 T r ea t m e n t o f d ata
From the data obtained in this way the following quantities were calculated for each fibre. (1) The relation between the cross-sectional areas of the myelin sheath and the axon. According to figure 1, the cross-sectional area of the myelin sheath = zr(d2-a 2)/4, and that of the axon = 7r(a2/4). Thus the 'area ratio' (i.e. sheath area divided by axon area) = (d2 -a2) Bear 1937), which is the ratio of axon diameter to total diameter (a/d, figure 1). Graphs were then plotted: (a) of the ratio g against total diameter; ( ) of the area ratio against axon diameter; and (c) of 2 x th e myelin sheath thickness (d'-a, figure 1) against axon diameter.
As a result of the various sources of non-systematic error discussed on pp. 329 to 330, the points representing individual fibres in these graphs are more or less evenly scattered about smooth curves which represent the relationship between the quantities plotted. In the case of graphs of g and the area ratio, such curves were drawn by eye alone. However, in the case of graphs of 2 x myelin thickness against axon diameter, which were more susceptible to statistical treatment, an attempt was made to fit curves to the data by a statistical method.
In studies on relative growth it has been found that the formula of simple allometry (i.e. organ size = Kx body size a) has a wide applicat are plotted on double logarithmic coordinates, they lie evenly about a straight fine whose slope and intercept on the 7-axis can be found by the classical methods of linear regression and the formula of the relationship determined. Moreover, a test of goodness of fit can be employed to discover whether the straight line so obtained is indeed a satisfactory fit to the data. In the present experiments it was thought probable that graphs of myelin sheath thickness against axon diameter could be represented by straight lines when plotted on double logarithmic coordinates. In the case of all nerves, therefore, in addition to curves with linear coordinates, double logarithmic plots were made of sheath thickness against axon diameter. From these double logarithmic graphs the curves giving the best fit to the linear graphs were calculated in the following w ay: First of all, the regression fine to fit the whole data was calculated, and to this line a statistical test of goodness of fit was applied. The data were set out in the form of a correlation table and the 'variance within arrays ', and the 'residual5 variance, due to the deviations from the regression calculated, each with its appropriate number of degrees of freedom. From these the variance ratio could be obtained. By consulting the table of this ratio given by Fisher & Yates (1943) it was then possible to ascertain whether the graph showed a significant deviation from linearity; a probability of less than 0-05 was regarded as indicating that a straight line was inadequate to describe the given data. In all cases it was found th at a single straight fine, by this criterion, did not give a good fit to any of the double logarithmic graphs. Next, an attem pt was made to fit two straight lines, and so on until a significant fit with multiple straight lines was obtained. As most of the double logarithmic graphs showed an obvious kink in one or more places, this proved a practicable method. I t is realized, of course, th at an even better fit would be obtained by using a curve, but the multiple straight lines are a valuable approximation until more precise methods are required. From the multiple straight lines fitted to the double logarithmic plot the curves fitting the linear graphs were found by replotting the lines on the original linear coordinates.
A ccuracy o f r e s u l t s
The accuracy of the estimates given in different cases of sheath thickness, axon diameter, and the relation between them,, is affected by errors which may be classified as follows:
(1) Errors of the preparation All the measurements were made upon fixed and stained nerve fibres. I t is generally assumed th a t the processes of fixation, embedding, and staining cause nerve fibres to shrink, but the exact extent of the error introduced by this factor is not known. On a priori grounds the processes of preparation can affect the measure ments in one of four w ays: (a) they can cause a regular, proportional shrinkage of both axon and myelin, altering the absolute values of axon diameter and sheath thickness, without changing the relation between them; (6) a regular, but differ ential shrinkage of axon and/or myelin can occur, which will alter both the absolute values of axon diameter and/or myelin thickness and the relation between them ; (c) shrinkage can affect fibres of different sizes to a different extent, so th a t the curve of myelin thickness against axon diameter is distorted; or ( ) there can be an irregular shrinkage of axon and/or myelin, with the consequent production of artefacts.
Few authors have considered all these possible types of shrinkage, most being concerned only with shrinkage in total diameter. Sherrington (1894) who compared fresh fibres teased in physiological saline with fibres fixed in osmium tetroxide and teased in glycerine, found th at osmium tetroxide fixation caused no change in fibre diameter. Similarly Lapicque & Desoille (1927) compared the dimensions of fresh teased fibres with paraffin cross-sections of osmicated fibres and concluded th at no shrinkage occurred. Duncan (1934) also states th at there is no alteration of fibre diameter as a result of fixation in \to 2% osm subsequent embedding in paraffin.* Evidence to the contrary is given by Arnell (1936) who compared the crosssectional areas of axon and myelin sheath in fresh fibres, in formol-fixed frozensectioned fibres, and formol-fixed paraffin-sectioned fibres stained with methylene or by a silver method. He found th at formol fixation caused shrinkage, and paraffin embedding still further shrinkage, in both axon and myelin. However, he does not state whether both shrink to the same extent. Moreover, the actual values of his measurements show considerable variation, and as he measured only a small number of fibres, his results are not conclusive. In addition, since he used only formol as a fixative, a substance which does not render the lipoids of the myelin sheath resistant to subsequent extraction by the alcohol used for dehydration, the value of his results is questionable. Taylor (1942) , who measured fresh teased fibres Thickness of m yelin sheaths of peripheral nerve fibres in polarized light, and compared his results with those of authors who used fixed and stained material, claimed that fixation and staining caused the axon to shrink more than the myelin.
The clearest evidence for shrinkage is that of Hursh (1939) . This author measured nerve fibres teased out from a spinal root bundle which had been fixed in 0 s 0 4; individual fibres were measured before and after dehydration. He found that the fibres underwent a shrinkage of 10-1 ± 0-16%, but that there was no correlation between the percentage of shrinkage and the size of the fibre.
From the above evidence it may be concluded that shrinkage of fibres in total diameter does occur during the processes of microscopical preparation, the greater part of the shrinkage probably taking place during dehydration and paraffin embedding rather than during fixation. Moreover dehydration and embedding can often cause the axon to shrink more than the myelin. In silver-stained preparations, or in counter-stained myelin sheath preparations, an empty space can generally be seen between the axon and the inner border of the myelin sheath. However, in experiments where axon and total diameters are measured, the axon diameter is generally taken as equal to the distance between the inner borders of the myelin sheath, on opposite sides of the fibre. The problem of the differential shrinkage of axon and myelin during microscopical preparation thus resolves itself into the question whether the myelin sheath decreases in thickness to relatively the same extent as the whole fibre diminishes in diameter.
An attem pt was made to answer this question in the following way: pieces of normal nerve were teased rapidly in Ringer's solution, and photographs of individual fibres taken at a magnification of x 1200 within 15 min. of taking the pieces. These photographs were taken with a petrographic microscope, with the revolving stage adjusted to give maximum brightness to the myelin sheath. Fifty-six undistorted fibres were selected and the inner and outer diameters of their myelin sheaths measured on the photographs by means of the travelling microscope. Five such pairs of measurements were made on each fibre, and the means of the five pairs taken as the value for the fibre concerned. These measurements were compared in the following manner with those made on 200 normal fibres fixed and stained in the course of the present work: both fixed and unfixed fibres were divided into groups differing by steps of 1
[ La xon diameter, and for each the mean axon d diameter, and myelin sheath thickness were found. Graphs were then made for both fresh and fixed fibres of (a) sheath thickness against axon diameter, and (b) total diameter against axon diameter, on a double logarithmic scale. In all four graphs the points plotted were scattered about a straight fine, which, by the test of goodness of fit outlined above (see p. 326) was a satisfactory fit to the data. The sheath thickness/axon diameter and total diameter/axon diameter regressions were then compared by the test described by Reeve (1940) . In this test the residual variances (i.e. variance due to deviations from regression) after fitting (a) a single regression fine, (6) two parallel lines, (c) two separate fines to the data for fresh and fixed fibres were used to calculate variances, due to (d) differences in slope, and (ej differences in position, between the fines for fresh and fixed fibres. By using the variance ratio the significance of the latter differences could be determined. In the case of both sheath thickness and total diameter the regression line on axon diameter for fresh fibres did not differ significantly in slope from th at for fixed fibres. This indicates th at there is no differential effect of shrinkage on fibres of different diameters. In both cases, however, the regression fines for fresh differed significantly in position from those for fixed fibres, indicating th at shrinkage does take place. In the case of the sheath thickness/axon diameter regression fresh fibres had sheaths which were 1-08 + 0-02 times as thick as those of fixed fibres: in the case of total diameter, fresh fibres had diameters which were 1-06 + 0-017 times those of fixed fibres. These two values are not significantly different from one another, which indicates th at the myelin sheaths decrease in thickness in the same proportion as the total diameter. These results indicate th at a shrinkage of 6 to 8 % is brought about in nerve fibres by fixation and embedding and th at this shrinkage is of the first type described above (p. 327)-namely a regular, proportional decrease in axon and total diameter which alters the absolute values of the measurements, but does not affect the relation between them.
That this is not the only type of shrinkage which can take place is shown by the frequency with which artefacts are found in stained nerves. W hat the above experi ment indicates, however, is that, provided the fixed fibres selected are round and free from artefact, the measurements will differ from those of fresh fibres by a predictable amount.
In the present work only those fibres were selected for measurement which fulfilled the above criteria, i.e. were approximately circular and free from artefact, the state of each fibre in the photograph being controlled before measurement by reference to the actual preparation. Furthermore, to make the results from different nerves as nearly comparable as possible, all the pieces were treated similarly during fixation, embedding, and staining, being left for equal times in the various solutions.
(2) Errors introduced by photography
The use of photographic methods introduces three possible sources of error: (a) photographs taken upon different occasions may vary slightly in magnification; this error was reduced as far as possible by carefully checking the magnification with the same micrometer slide before.each photograph was taken; (6) slight varia tions in focus or exposure may blur the outlines of the myelin sheaths and so give rise to errors of measurement; this was controlled by very careful focusing under a magnifier, and by making measurements only on bright, correctly exposed photographs; (c) the dimensions of the photographic images of fibres may be altered by slight movements of the photographic emulsion during the process of making a negative and printing from i t ; this error was unlikely to be great as the photographs were made directly as negatives on bromide paper. An additional advantage of this method was that it proved easier to measure to the borders of a white obj ect on a black ground than vice versa.
(
3) Errors of measurement
Two sources of error enter in here: (a) I t has been suggested by Taylor (1942) th at when measuring stained sections of myelin sheath material it is easy to include some of the Schwann sheath or the endoneurium in an estimate of myelin sheath Thickness of m yelin sheaths of peripheral nerve fibres 329 thickness. This possibility was checked as follows. Two adjacent sections of a piece of normal nerve were stained as above (p. 325). One of them was then counterstained with light green, which shows up the endoneural sheaths. Photographs of both sections were then taken, and the thickness of the myelin sheath measured in the same 50 fibres in each case. The difference between each of the 50 pairs of measurements was then calculated. The mean difference between the 50 pairs of measurements was 0*162/4; t = 0-53 for 49 degrees of freedom, which from the table of t given by Fisher & Yates (1943) shows th at differences of this amount occur in over 60 % of cases as a result of random sampling alone. No systematic error, therefore, is introduced by measuring the myelin sheath in sections stained for the myelin alone. ( b) All the measurements were made by means of a travel scope. The error of measuring with this instrument is unlikely to be systematic, but it was estimated as follows. Each of 10 fibres, ranging in diameter from 2 to 20/4, was measured ten times, the individual measurements being made in a random order. From the 100 values so obtained the total sum of squares )2 was calculated, corresponding to 99 degrees of freedom. From this a component corresponding to the 'variance between fibres' with 9 degrees of freedom was subtracted, leaving a sum of squares with 90 degrees of freedom which could be used as an estimate of error. The data of this analysis of variance are set out in table 1. The root mean square had a value of ± 0*18/4, which corresponds to about ± 9*0 % of the diameter for a 2/4 fibre and ± 0*90 % for a 20/4 fibre. 
(4) Age, size, sex and race of animal
No attem pt was made to control these factors. Since only slight differences exist in the maximum size of nerve fibres in mammals as diverse in size and genetic constitution as rat, cat and cow (Duncan 1934) it it unlikely to have introduced any appreciable error. As only healthy, adult animals were used, alterations in fibre diameter due to pathological changes can also be discounted.
Total effect of errors
From consideration of all these sources of error it is apparent th at the only serious systematic error in the methods used is th at due to the decrease in axon and myelin dimensions produced by fixation, embedding, and staining. However, as neither the relation between axon and myelin dimensions, or the dimensions of fibres of different sizes, is affected differentially by this source of error, the shrinkage can be corrected for by multiplying all the measurements by a factor of 1*07. This has not been done throughout the text, and unless otherwise stated, all the measurements quoted refer to fixed and stained fibres. As all the pieces were treated comparably, this source of error does not affect comparisons made between the different nerves. All the other errors are non-systematic.
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Previous authors have made use of two quantities to describe the relation between the dimensions of the axon and the myelin sheath of nerve fibres. These are (1) the ratio between the cross-sectional areas of myelin and axon (Donaldson & Hoke 1905; Amell 1936) , and (2) the ratio g et Taylor 1940 (see also p. 326). Donaldson & Hoke (1905) were the first to measure the axon and total diameters of vertebrate nerve fibres, and to attem pt to find a relation between them. They examined 45 pieces of nerve from 27 species, measuring in all 1540 fibres. Prom their original measurements they calculated the ratio between the crosssectional area of the myelin sheath and th at of the axon, and in every case found that, within the limits of the experimental error, this ratio had a value of 1:1. Greenman (1913 Greenman ( , 1916 , who made direct measurements of the cross-sectional areas by means of a planimeter in photographs of ra t fibres, found a similar relation.
In figure 2 the data from 200 normal nerve fibres have been treated in a similar way, the area ratio ((d2 -u2)/a2; see figure 1 and text, p. 326), for each fibre being plotted against its axon diameter. Were the area ratio, as claimed by Donaldson & Hoke (1905) , constant at 1 on all fibres, the values for individual fibres should lie about a straight line parallel to the base line, cutting the Y-axis at 1, as shown by the dotted line in figure 2. Prom figure 2 it is clear th a t the relation between the cross-sectional areas of myelin sheath and axon does not have a constant value, but varies with axon diameter, the curve relating the two having the general form of a rectangular hyperbola. Por fibres with axon diameters of less than 0*5 the area ratio is as high as 24, though declining rapidly with increasing axon diameter. In the range of axon diameters 1 to 5/4the slope of the curve undergoes a rapid change, the area ratio at 5 / ihaving a value of about 1*50. Thereafter t declines gradually, reaching a final value of about 0*70 a t an axon diameter of 14 to 15
[i.In other words, the smallest fibres have myelin sheaths with a crosssectional area many times th at of the axon. W ith progressively larger fibres, the proportion of the total cross-section occupied by the myelin declines. This decline is steep at first and then becomes much more gradual, so th a t the largest fibres have myelin sheaths whose areas are a little less than half th at of the entire fibres.
Figure 2 also shows th at the only fibres for which Donaldson & Hoke's 1:1 ratio can be said to hold are those which have axons between 8 and 10/4 in diameter.
Careful inspection of their data shows th at most of the fibres measured by these authors had fairly large diameters. W ith their method of measurement (an eyepiece micrometer at a magnification of 265 to 340 diameters) they may easily have missed the relatively small decline in the area ratio which takes place in the tail of the curve; hence their results are not necessarily in conflict with the present ones.
Unfortunately, their data are not presented in a way which makes it possible to discover whether in fact such a decline was present. Similar considerations apply to the data of Greenman (1913 Greenman ( , 1916 The results given in figure 2 are also contrary to those of Amell (1936) . This author measured the area ratio in fibres from the dorsal and ventral roots of spinal nerves in the dog and man. He divided the fibres into three arbitrary groupsnamely (1) those with axons greater than 3-64/4 in diameter; (2) those with axons between 1-46 and 3-64/4 in diameter; (3) those whose axons had diameters of less than 1-46/4. He measured 20 to 25 fibres in each group, and calculated the mean value of axon diameter and area ratio for the group. As a result of these measure ments he claimed th a t in all his preparations the largest fibres had relatively thinner myelin sheaths than the others; the middle group (axon diameters 1-46 to 3-64/4) relatively the thickest sheaths. This finding does not agree with the data of figure 2 above. However, ArnelTs method of measurement was a crude one. His measure ments were made roughly by means of an ocular grid a t a magnification of x 600. The smallest division of the grid was equivalent to a distance of 0-82/4 on the section, and so his figure for the smallest fibres is unlikely to have been accurate.
Another measure of the relative proportions of axon and myelin in fibres of different diameters is the ratio g, first used by , and subse quently by other authors (Gasser & Grundfest 1939; Taylor 1940 Taylor , 1941 Taylor , 1942 Taylor & Wemdle 1943) . calculated g for frog fibres, of which the axon and total diameters had been measured in polarized light. They found g to vary in value from 0-48 on fibres of 2-3/4 diameter to 0-82 on a 16-4/4 fibre. Above 9/4 gh ad a relatively constant value. However, these authors only give data for 29 fibres, and the exact form of the relationship between g and fibre diameter cannot be found from their measurements. Gasser & Grundfest (1939) measured a number of cat saphenous fibres in an osmium-tetroxide fixed preparation, and found th a t fibres whose total diameter exceeded 8/4 had a g value which was relatively constant at 0-69.* Below 8/4 g became rapidly smaller with decreasing fibre diameter. Taylor (1942) , who, like , measured fresh nerve fibres in polarized light, found th at in 113 fibres taken from the sciatic and saphenous nerves of the cat, g had values which, when plotted against fibre diameter, lay about a smooth curve, the ratio increasing from a value of 0-30 at a fibre diameter of 2/4 to 0-82 at 16/4.
In figure 3 the value of g for the 200 normal rabbit peroneal fibres measured in the present work are shown plotted against total fibre diameter. Taking into account scatter of the points due to the various sources of error, the individual points lie along a curve, g increasing with fibre diameter from a value of about 0-30 at a fibre diameter of 2-5/4 to 0-75 at a diameter of 16 to 18/4. The curve is upwardly convex, g at first increasing rapidly with fibre diameter, latterly only showing a gradual increase. Taking into account differences in technique, this curve closely resembles the one given by Taylor (1942)-In common with his, these results are at variance with those of Gasser & Grundfest (1939) , in th a t there is no plateau 
a2
Thickness of m yelin sheaths of peripheral nerve fibres above S/i but a slight and continuous rise in the curve. Taylor (1942) ascribes the differences between his results and those of Gasser & Grundfest (1939) to differ ential shrinkage of axon and myelin in their preparations, brought by fixation, paraffin embedding, and staining. However, the fact that the present results, which resemble Taylor's, were obtained from fixed and stained fibres, and the F igure 3. Graph of the ratio g against total diameter for 200 selected normal myelinated fibres. The curve was drawn by eye.
results of comparative measurements of fixed and fresh nerve fibres given on pp. 328 to 329, indicate th at this explanation cannot be the true one. The curve given by Gasser & Grundfest has only a relatively small number of points, possibly too few to give an adequate idea of the shape of the tail of the curve. All these results, however, show th at g is not constant for all fibres, but has a relation to fibre diameter. In other words, consideration of the variation of the ratio g with fibre diameter leads us to the same conclusion as emerged from a consideration of the relative cross-sectional areas of axon and myelin; namely, th at the axon is relatively smaller, and consequently the myelin relatively thicker, on the smaller fibres. Both these quantities, then, indicate th at there exists a relationship between the size of a fibre and the dimensions of the myelin sheath which encloses it. However, when we come to determine the exact nature of the relationship between myelin sheath and axon dimensions, neither g nor the area ratio provides a sufficiently sensitive index. This fact is perhaps best illustrated by the following example:
Thickness of m yelin sheaths of peripheral nerve fibres (a) and (6) give the curves of g against total fibre diameter, and ratio against axon diameter, for two arbitrarily chosen relations between axon and myelin dimensions. The theoretical cases chosen were: (a) where fibres of all diameters have myelin sheaths of the same thickness, and (6) where sheath thickness varies as an arbitrary linear function of axon diameter. In the case of g ( figure 4 (a) ) the two curves differ in position, but are both convex upwards and have a gradually rising tail. Thus features of the curve of g noted as significant by Taylor (1942) are implicit in the form of the ratio, and largely independent of the actual relationship between axon and myelin dimensions. Curves of the arm ratio (figure 4 ( b) ) in these two cases are even more alike. In fact, given a set of ex mental points such as those in figure 2 it would be difficult to be sure which of the above relations gave a curve with the best fit. Thus, even if myelin sheath thickness is to a great degree independent of fibre diameter, a curve of g against total diameter, or of the arm ratio against axon diameter, will have the same general shape as those obtained.
However, the curve obtained by simply plotting the myelin thickness against the axon diameter, without having recourse to the calculation of ratios, does not suffer from these disadvantages. Figure 4 (c) shows the result of plotting axon diameter (a, see figure 1) directly against 2 x the myelin sheath thickness (d-a, see figure 1 ) in the case of the two theoretical relationships defined above. Were the myelin thickness constant on all fibres, this method of plotting would give a straight line parallel to the base-line (line a in figure 4 (a) ). If the sheath thickness varied linearly as the axon diameter, the result would be a straight line inclined at an angle to the base line (figure 4 (c), line 6). If the relation between myelin thickness and fibre diameter were non-linear, the result would be a curve, and so on. I t will be seen th at this method of plotting makes it easier to determine the exact nature of the relationship between myelin thickness and fibre diameter than does either of the others. Figure 5 is a direct plot of 2 x myelin thickness against axon diameter in the case of the 200 normal fibres measured. Comparing figure 5 with figure 4 (c) it is obvious th at all fibres do not have sheaths of the same absolute thickness; neither does sheath thickness vary linearly with axon diameter. Nevertheless, sheath thickness shows a strong correlation with axon diameter, and from inspection of the graph it appears that the relationship between the two quantities is best represented by a curve. This curve is perhaps steep a t first, though flattening off for fibres with an axon diameter exceeding 1 to 2/i.
In figure 6 the points of figure 5 are shown plotted on a double logarithmic scale. The effect of changing the scale is to straighten out much of the slight curvature apparent in figure 5, and to make it possible th at a straight line may fit the data. The dotted line in figure 6 is the regression line drawn to the whole data. Applying the test of goodness of fit mentioned on p. 326 to this line, it was found that the variance ratio had a value of 1*74 which corresponds to a probability of about 0-05. The details of this analysis of variance are set out in table 2. Taking the conventional limit of P = 0-05, this means th at a straight line is a satisfactory fit data. However, this result lies barely within the limits of significance, and it was apparent from the calculation that by far the greatest part of the deviation from linearity was due to the points representing fibres with an axon diameter of less than lii. Thus a second regression line was calculated after omitting these fibres, and is shown by the second of the two continuous lines in figure 6 . Applying the same test of goodness of fit to this second line, it was found that the variance ratio s= 1*32, whence P = > 0*20, which is well within the limits o analysis of variance see table 2). I t was also found possible to fit a straight line to the points excluded above, and this is shown by the first of the two continuous lines in figure 6 . When the variances from the two straight lines so obtained were pooled, it was found th at they gave an adequate fit to the whole of the data. However, it will be noted th at there is a large concentration of points below the line in figure 6 , between axon diameters of 7-5 to 12*5[i. These points also lie below the curve in figure 5, which was obtained from the straight lines in figure 6 in the way already described (p. 326). Hence it is probable th a t the curve giving the best fit for this region actually lies somewhat below th at drawn.
From the curve of figure 5 it can therefore be concluded th at the absolute thickness of the myelin sheath of nerve fibres varies with the axon diameter. The smallest myelinated fibres have sheaths whose thickness is about 0-5 With increasing axon diameter the sheath thickness also increases, a t first rapidly until it reaches a value of about 1*0/* a t an axon diameter of 1*0/*. At this point there is a kink in the curve, and thereafter the sheath thickness increases less rapidly for each increment of axon diameter. Fibres with axons between 12 and 14/tin diameter thus have sheaths between 2-0 and 2-5/t in thickness.
I t is of interest to compare the present curve of 2 x sheath thickness against axon diameter (figure 5) with the curve of sheath birefringence against total diameter given by Taylor (1942; figures 1 and 2). When the sheath birefringence of nerve fibres is measured, the smallest fibres show negative birefringence due to the prevalence of the form birefringence of the contained protein, while the large fibres, which contain more lipide, show positive micellar birefringence. The transition from the 'proteotropic' to the 'lipotropic' type takes place at a total fibre diameter of about 2 p ,and it has been suggested (Schmitt & Bear 1939) that, although there is no discontinuity between them, the proteotropic and lipotropic fibre types corre spond to the 'non-myelinated' and ' myelinated ' fibres revealed by ordinary histo logical techniques. Thus Taylor's curve of sheath birefringence against total fibre diameter has the following characteristics: a t fibre diameters below 2 sheath birefringence is negative, though increasing rapidly with growing fibre diameter, and becoming zero a t a diameter of 2 p .Above 2 the sheath to increase rapidly until a total diameter of about 3 p is reached. At this point there is a sharp change in the shape of the curve relating sheath birefringence to fibre diameter, and thereafter sheath birefringence only increases relatively slowly with additional increments of fibre diameter.
In figure 7 the data for mean sheath birefringence given by Taylor (1942, figure 2) for cat saphenous nerve fibres are shown plotted against axon diameter. The values of axon diameter corresponding to the sheath birefringence were obtained by calculation from the curve of g also given by Taylor (1942, figure 4) . In figure 7 the dotted part of the curve corresponds to proteotropic, i.e. non-myelinated, fibres. Considering th at this curve was obtained from fixed, and Taylor's from fresh, nerve fibres, the resemblance between the shape of the curve in figure 5 and curve in figure 7 which refers to lipotropic fibres is especially striking. Both sheath birefringence and sheath thickness at first increase rapidly with axon diameter, roughly in the same proportion. Then, at an axon diameter of 1 to 2 /a, there is a sharp change of curvature, so th at thereafter both birefringence and sheath thickness increase relatively slowly with axon diameter. The fact th at both sheath thickness and birefringence change their relation to axon diameter at about the same place suggests th at there is a fundamental change in fibre type at this point. This conclusion can, however, at present be only tentative, in view of the relatively small number of fibres measured in this group. Further experiments are in progress to test this suggestion.
T h e r e l a t io n b e t w e e n ax on and m y e l in d im e n s io n s in r e g e n e r a t in g n e r v e s
The axon and total diameters of myelinated nerve fibres were measured 60, 100, 200 and 300 days after operation in the central and peripheral stumps of nerves which had been interrupted by sharp localized crushing with fine smooth-tipped forceps. This operation interrupts the nerve fibres, but leaves the endoneurium largely intact, with the result th at the regenerating fibres undergo little criss crossing in the scar, and travel mostly down the pathways which they occupied before the injury . For this reason a more complete reconstitution of the nerve occurs after crushing than after other types of injury and nerve repair (Gutmann & Sanders 1943 ). The situation is therefore an ideal one for studying myelin regeneration in the absence of complicating factors such as excessive shunting of fibres into unusual pathways.
Central stumps 60 days. Figure 8 is linear plot of axon diameter against 2 x myelin sheath thickness for fibres 15 mm. above the site of crushing, in the case of 165 fibres taken from a central stump 60 days after injury. Fibres with axons ranging in diameter from 0*5 to 12-5/* were present. The largest axons found in this nerve were thus smaller than the largest found in normal nerves (14-7/*, see figure 5 ). The myelin sheaths of these fibres varied in thickness from 0-60/a on the smallest to about 3-5/a on the largest. The curve relating sheath thickness to axon diameter given in figure 8 is considerably steeper than th at of the normal nerve (cf. figure 5) , which indicates th a t the thickness of the sheath of all except the smallest axons is relatively greater than of those of a similar axon diameter in the normal nerve. Gutmann & Sanders (1943) found th at the spectrum of total fibre diameters differed little from that of normal nerve at this stage, the number of large fibres, and the mean fibre diameter, being only a little less than normal. In fact, adding together the axon diameter and double myelin thickness of the largest fibre in figure 8 gives it a total diameter of 19-4/a, which is about the diameter of the largest fibres in normal nerves. The production of the type of fibre seen in the central stump at 60 days-i.e. fibres with thick myelin sheaths and small axons-from normal fibres of similar total diameter must therefore involve a thickening of the myelin sheaths at the expense of the axons, with little change in total diameter. 100 days. At. 100 days after crushing, the thickness of the myelin sheaths on all except the largest axons in the central stump was roughly the same as a t 60 days. Figure 9 shows the result of plotting 2 x myelin thickness against axon diameter on a linear scale in the case of 158 selected fibres. I t will be seen th at this curve closely resembles the one obtained 60 days after crushing (see figure 8) up to an axon diameter of 5 to 6 p .Most of the axons larger than this diameter have sli
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F igure 8. Graph, on a linear scale, of 2 x sheath thickness against axon diameter for 165 selected myelinated fibres from a central stump at 60 days after crushing. Calculated curve! thinner sheaths than corresponding ones a t 60 days after crushing; however since the points on the graph a t 100 days show a much greater scatter than at 60 days it is doubtful whether this difference can be regarded as significant. Much more important is the fact th at with a single exception the largest axons found at 100 days had a diameter of less than 11 / i ,which, with a double sheath thic 5 to 6/i gave them a total diameter of 16 to 11 y . Thus the fibres of the central stump at 100 days have smaller axons than at 60 days, although the thickness of their myelin sheaths may be unchanged; consequently they show a shrinkage in 22-3 diameter of the whole fibre compared with the 60-day stage, a fact which was commented upon by Gutmann & Sanders (1943) . 200 days. Figure 10 is a linear plot of 2 x myelin sheath thickness against axon diameter in the case of 175 fibres in a central stump taken 200 days after crushing the nerve. I t will be seen that the myelin sheaths of the largest fibres are even thicker than at 60 or 100 days, having thicknesses of about 3-0 and 3-5 Total
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•:r* diameters, however, at 200 days are greater than at 100 days (Gutmann & Sanders 1943) . The curve of figure 10, derived from two lines fitted to a logarithmic plot, shows th at between 100 and 200 days after crushing the myelin and axon both increase in size together. 300 days. At 300 days after crushing, the myelin sheaths of all except the smallest fibres in the central stump are thinner than at earlier stages of regeneration, although the sheath thicknesses still remain greater than normal. A linear plot of 2 x myelm sheath thickness against axon diameter for 182 such fibres at 300 days is shown m figure 11 . The largest fibres have sheaths between 2*5 and 3*0/4 in thickness. However, their axons are much larger than at earlier stages, so th at the total diameter of the fibres is equivalent to those found in normal nerve. In fact, Gutmann & Sanders (1943) found th at 300 days after crushing the spectrum of total diameters was restored throughout the nerve.
The curve drawn in figure 11 was calculated in the manner already described from three straight lines fitted to a logarithmic plot. Taken together with the results of Gutmann & Sanders (1943) the above measure ments indicate th at during regeneration there are changes in (a) the total diameter, (6) the axon diameter, and (c) the myelin sheath thickness, of fibres central to the lesion. These changes are summarized in figure 12 , where the sheath-thickness-axon diameter curves for normal nerve and central stumps at 60, 100, 200 and 300 days after injury are shown plotted on the same graph. The cycle of change in axon, whole fibre, and myelin sheath dimensions during regeneration is best described by first of all considering the changes as they apply to a single large fibre, e.g. one which in normal nerve has a total diameter of, say, 18*5/4, with an axon 14*0/4 in diameter, and a myelin sheath whose double thickness is about 4*5/4. During the first 100 days of regeneration the axon of such a fibre will decrease in size until its diameter is about 10 [i.After this the axon will start to increase although as late as 300 days after injury its diameter will still be only 13/*, less than its original diameter. Parallel with these changes in axon diameter alterations of myelin thickness and total diameter will take place. For the first 60 days after injury the shrinkage of the axpns is accompanied by a thickening of the myelin, so th at at 60 days the double sheath thickness of the fibre described would be about axon diameter (fi) Figure 11 . Graph, on a linear scale, of 2 x sheath thickness against axon diameter for 182 selected fibres from a central stump 300 days after crushing. Calculated curve.
Thickness of m yelin sheaths of peripheral nerve fibres
6-5 [i.
At this stage the total diameter is only a little less than normal. Between 60 and 100 days after injury little change in myelin thickness occurs. Since shrinkage of the axon is still taking place, this will cause a decrease in total diameter which, in the case of the fibre described will be reduced to about 16/* at 100 days. Between 100 and 200 days there may be a slight increase in sheath thickness, which, coupled with the increase in axon diameter already mentioned, will give the fibre a total diameter of about 18-0/4. Between 200 and 300 days a small increase in total diameter takes place, accompanied by a considerable increase in axon diameter, and a decrease in sheath thickness. At 300 days after injury, therefore, the fibre described has a total diameter of 18-5/*--the same as its original total diameter; an axon diameter of 13*0/*, and a sheath thickness of 5-5/4. Three hundred days after injury therefore, while the total diameter of the fibre has been restored, the axon is still smaller, and the myelin sheath thicker, than in the Aormal nerve. I t is possible th at a t still later stages a restoration of the normal relation between sheath thickness and axon diameter will occur. While the kind of changes described above for a single large fibre are typical for the whole range of fibre sizes, fibres of different sizes differ in the relative extent to which they are affected. This fact is shown by the curves in figure 12 . Were all fibres affected to the same extent, the result of increasing myelin thickness a t the expense of axon diameter would be merely to displace the normal curve, not to change its shape. Figure 12 shows, however, th a t the curves drawn for these four stumps differ markedly in shape from the normal curve, except in the case of axons with a diameter of less than 1 p. However, so few of these small fibres were the central stumps, th at it is impossible to say anything definite about the behaviour of fibres in the range of sizes covered by this part of the curve. Above an axon diameter of 1 p, however, all four central stump, curves are a t first steep the corresponding part of the normal curve. At still greater axon diameters (above 8p) the central stump curves flatten out, so th at in this region they are either slightly steeper (200 days), parallel to (60 days), or show a more gradual slope (300 days*) than the normal curve. This means th a t the changes in axon and myelin dimensions must be relatively greater for small than for larger fibres. The theoretical implications of this finding are further discussed below (see p. 353).
Peripheral stumps
The axon diameters and sheath thicknesses of selected fibres were measured 10 mm. below the lesion in the peripheral stumps of the same four nerves whose central stumps are described above, 60, 100, 200 and 300 days after crushing the nerve.
* The tail of the curve at 100 days shows a more gradual slope than the normal curve in this region. However, as already stated (p. 341), the scatter of the individual points in this graph is so great as to render doubtful any conclusion drawn from this part of the curve.
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d a y s : Figure 13 shows a linear plot of 2 x sheath thickness against axon diameter in the case of 100 fibres taken from a peripheral stump 60 days after crushing. The largest fibres found had total diameters of about 9*5 these had axons about 6/t in diameter, with myelin sheaths about 1-5 thick, similar to those enclosing axons of the same diameter in normal nerve. When plotted on double logarithmic coordinates the curve of sheath thickness against axon diameter could be clearly resolved into two straight lines, intersecting at an axon diameter of about 2-5 y and the curve derived from these lines shows that, up to a diameter of about 2-5/i, the increase of sheath thickness with axon diameter is faster than in normal axon diameter F igure 13. Graph, on a linear scale, o f 2 x sheath thickness against axon dia meter for 100 selected fibres from a peripheral stump 60 days after crushing. Calculated curve.
axon diameter (y)
F igure 14. Graph, on a linear scale, of 2 x sheath thickness against axon diameter for 133 fibres from a peripheral stump 100 days after crushing. Calcu lated curve.
nerve. Above this diameter the slope is more gradual than th at of the normal curve. I t follows that the largest and smallest axons in the peripheral stump a t 60 days have sheaths of the same thickness as those enclosing axons of the same diameter in normal nerve. Intermediate-sized axons, particularly those with a diameter of about 2-5 y ,seem to have somewhat, thick corresponding axons in normal nerve. 100 d a y s. The relationship of 2 x myelin sheath thickness and axon diameter in a peripheral stump at 100 days is shown in figure 14 . The total number of fibres measured was 133. The axons have a maximum diameter of the largest fibres bearing a myelin sheath 2 to 3/t in thickness. The smallest fibres have axons which are less than 0-5y in diameter, with sheaths about 0-5y thick. On all but the very smallest fibres the myelin is .thicker than on normal nerve fibres of corresponding axon diameter. I t will be seen that, with increasing axon diameters, the sheath thickness at first increases relatively rapidly up to a value of 1 on axons with a diameter of ly . Thereafter, until the largest axons (9 are reached, small smaller additions of myelin accompany successive increments of axon diameter.
The sheath-thickness-axon diameter curve at 100 days thus resembles the 60-day curve in its general form. Fibres with axons greater than 1 to 2/^ in diameter, however, have thicker sheaths a t 100 than at 60 days. Moreover, there are larger axons present at 100 days than at 60 days. 200 days. Two hundred days after crushing, the fibres in the peripheral stump still have myelin sheaths which are thicker than on the corresponding axons in normal nerve. Figure 15 is a linear plot of 2 x myelin sheath thickness against axon diapaeter for 168 selected fibres in a 200-day peripheral stump. The largest axons have a diameter of 12 to 13 ya nd bear myelin sheaths 2-5 to in smallest axons, which are less than 0-5/f in diameter, have sheaths about 0-5/t thick. Between these two extremes, the curve relating myelin sheath thickness to axon diameter has a serpentine form. At first, sheath thickness increases rapidly with increasing axon diameter up to an axon diameter of about At this point the curve flattens off, so that, at an axon diameter of 3*5 2 x sheath thickness has a value of about 2*5y. At this point the axons have sheaths of the same thickness as the corresponding axons in normal nerve. Indeed, over its whole range below this axon diameter the curve is not much different from the normal curve, in view of the small number of fibres measured. Above an axon diameter of however, the curve resumes its initial steep slope, flattening off again at an axon diameter of about 6/4 into a gradually rising tail which is foughly parallel to the tail of the normal curve. I t was, at first, doubtful whether the sharp change in slope of the curve which occurs at about 3-5 / iwas in fact a real cha selected. When the curve is plotted on double logarithmic coordinates, however, the kink at 3-5/4 is still very apparent and it was found th at no less than four straight lines were required to give an adequate fit by the criteria adopted.
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F igure 16. Graph, on a linear scale, of 2 x sheath thickness against axon diameter for 173 fibres from a peripheral stump 300 days after crushing. Calculated curve.
300 days. Except in the case of the smallest fibres, the myelin sheaths of axons in the peripheral stump 300 days after crushing are still thicker than those of axons of corresponding diameter in normal nerve. A plot of 2 x myelin sheath thickness against axon diameter on a linear scale (figure 16) shows th at the largest axons have diameters slightly greater than the corresponding ones at 200 days. The myelin sheaths enclosing these largest fibres, however, are thinner than on corresponding fibres in the 200-day stump (2-0 to 2-5/4, as compared with 2-5 to 3-0/4). While the sheaths of the largest fibres in the peripheral stump 300 days after crushing are only slightly thicker than normal, the sheaths of moderate-sized axons (diameters 6 to 8/4) are relatively much thicker than their normal counterpart (about 2-0 as compared with 1-5/4). Indeed the sheath-thickness-axon curve of the peripheral stump 300 days after crushing has quite a different shape from the normal curve. For the smallest fibres the two curves have a similar slope. Then, when the normal curve undergoes its sharp change of curvature a t an axon diameter of 1 [i, the 300-day curve remains steep and diverges from it. The 300-day curve later flattens out at an axon diameter of about and eventually comes to have a more gradual slope than the normal curve. The result of this is th at in the region of the largest fibres, the two curves tend to approach one another.
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F igure 17. Summary of data from peripheral stumps. Calculated curves of 2 x sheath thick ness against axon diameter in the case of (1) normal nerve; (2) peripheral stumps 60, 100, 200 and 300 days after crushing.
These data from peripheral stumps, therefore, show th at new-developed myelin sheaths 60 days after injury are not much thicker than in normal nerve on fibres of corresponding diameter. At later stages the myelin becomes thicker than normal on all fibres, reaching its maximum thickness at about 200 days after injury. At 300 days a decline in the thickness of the sheath on the largest fibres is apparent, and it is possible th at the normal relation is eventually restored. Experiments on still later stages of regeneration are in progress to test this conclusion.
In figure 17 the curves for the above four peripheral stumps are shown plotted on the same graph as the curve from normal nerve. The four curves form a series, first of all diverging from the normal curve, and then, at the latest stage, approaching it again. The 60-day curve diverges least from normal: the 100-day is more divergent, and the 200-day more so still, while the 300-day curve is more like normal again. In this, and in other respects, the curves resemble those taken from the central stumps a t these times (see figure 12 ). For example, both central and peripheral stumps at 200 days have myelin sheaths which are thicker than normal. Moreover, the shape of their curves differs from the normal curve in much the same way. Curves from both stumps are steeper than the normal curve at first' , and later flatten out. In every case, however, the curve from the peripheral stump is intermediate in position between th at of its own central stump and the normal curve.
These observations suggest the possibility th at the thickness of the myelin sheath developed by a regenerating nerve fibre is to some extent related to the thickness of the sheath on the same fibre central to the lesion. Speidel (1935 and earlier papers) has emphasized the fact that new myelin only develops on what he terms 'myelin-emergent' fibres, so th at if the development of myelin on a re generating fibre is controlled by whether it is myelinated above the lesion, it is possible th at the central stump myelination in some way determines the thickness of the sheaths developed in the periphery. This possibility is strengthened by the fact that remyelination spreads away from the central stump as a wave-front down the nerve (Sanders & Young 1942) .
The sheath structure of normal nerve fibres
The most remarkable feature of the results obtained from measuring the sheaths of normal nerve fibres during the present work is the striking correlation which exists between sheath thickness and birefringence. When plotted against axon diameter, the curves of myelin thickness for ' myelinated ' and sheath birefringence for 'lipotropic' fibres resemble one another very closely (see figures 5 and 7). So similar are they, that, provided the scales chosen are the same, the application of the correction factor for shrinkage, given on p. 329, to the data for sheath thickness and axon diameter renders the two curves practically identical in slope and position. and subsequent workers interpret their curves of sheath birefringence as showing a continuous change in sheath composition with increasing fibre diameter; more lipide than protein is added for each increment of diameter. The micellar birefringence of this extra lipide eventually outweighs the form birefringence of the protein in the sheath, and causes a continuous change of birefringence in the positive direction. However, it is not wholly clear whether this change in sheath composition is to be regarded as due to an alteration in the fundamental ultrastructural pattern upon which the sheath is built up, or to a change in the number of units of pattern which the sheath contains. X-ray diffraction studies on whole nerves have shown that there is a fundamental spacing, due to the myelin sheath, of about 185 A. in mammalian nerve (Schmitt, Bear & Palmer 1941) . Comparisons of the diffraction spacings given by wet and dry nerves, and mixtures of nerve lipides, indicate that, of this 185 A. spacing, 134 A. is due to lipide, and 25 A. aKnd 26 A. probably due to protein and water respectively. We can thus consider the myelin sheath as consisting of concentrically wrapped layers 180 A. thick, each layer containing proportionately more lipide than protein. In addition the sheath may contain relatively large interspersed channels of aqueous phase, which may explain the readiness with which it sometimes breaks into lamellae . However, since the X-ray analyses were made on whole nerves, it is impossible to say whether the structure described is typical of all fibres in the nerve. Nevertheless, from the similarity between the birefringence and sheath thickness curves we can infer th at the structural pattern revealed by X-ray analysis is probably characteristic for all the fibres present. For if we assume th at increase in thickness occurs by the addition of identical unit layers of myelin, and not by a fundamental change in ultrastructure, then, for every extra layer, more lipide than protein will be added, and the result will be to produce a change in bire fringence paralleling the change in thickness. The present results, therefore, taken in conjunction with those of Taylor (1942) , indicate th at the myelin sheaths of mammalian nerve fibres of all sizes are similar in the fundamental pattern upon which their ultrastructure is built up, but differ in the number of units which they contain.
Unfortunately this argument no longer holds when applied outside the mammals. We have no evidence th at the fundamental unit upon which the sheath is built is the same size in other groups. Indeed, there is some evidence th a t it varies. For example, the X-ray identity period of frog nerve is 171 + 5 A., which indicates a possible difference from the mammals (Schmitt, Bear & Palmer 1941) . Moreover, in the squid giant fibre the sheath is 3/t thick, and yet shows negative form birefringence , which is never seen in mammalian sheaths of this thickness. Similarly, earthworm giant fibres have sheaths up to 10/£ thick, but are much less positively birefringent than the far thinner sheaths of the largest fibres in mammalian peripheral nerves (Taylor 1940), a fact which indicates th at the proportion of lipide to protein must differ greatly in the two groups. Knowledge of the variation of sheath thickness and birefringence with axon diameter, coupled with X-ray diffraction data from as large a number of fibre types as possible, should however provide the information necessary to frame a theory of the effect exercised by sheath structure on the physiological activity of nerve fibres.
Changes in sheath thickness during regeneration
The present work has shown th a t 15 mm. proximal to a lesion the myelin grows thicker during the first days of regeneration, only growing thinner again after regeneration has been going on for a considerable time. This change in sheath thickness is accompanied by (1) a shrinkage followed by an expansion of the con tained axon, and (2) a shrinkage followed by an expansion of the whole fibre. Gutmann & Sanders (1943) studied the shrinkage and expansion of whole fibres in the central stump. They found that, for the first 130 days of regeneration after crushing, the fibres in the central stump undergo a decrease in total diameter. At the same time as this is taking place in the central stump, the fibres of the peripheral stump are steadily increasing in diameter. Gutmann & Sanders (1943) give a curve (their figure 3) to illustrate this phenomenon, in which the * size factors ' for central and peripheral stumps of various ages were plotted against time. These size factors (see Gutmann & Sanders 1943, p. 492 , for method of calculation) were a measure of the relative volume occupied by nerve fibres in unit lengths of the central and peripheral stumps. Gutmann & Sanders (1943) interpret their results as showing that an outflow of axoplasm from the central stump fibres takes place, causing them to decrease in diameter, and th at this outflow is responsible for the increase in diameter of the peripheral axons which accompanies the central decrease. Bodian & Mellors (1945) have criticized this interpretation. They point out th at the volume of a nerve axon normally greatly exceeds th at of the cell which gives rise to it (in a motoneuron supplying the gastrocnemius in Macacus rhesus the total volume of the axon is about 250 x th at of the cell body) and so the small diminution in diameter central to the lesion observed by Gutmann & Sanders cannot account for the whole mass of the regenerated axon. I t is agreed th at outflow alone cannot account for the whole mass of axoplasm contained in a completely reconstituted axon, but it is main tained, and re-examination of the data of Gutmann & Sanders (1943) in terms of axon diameters shows, th at the diminution in diameter of the central axons provides a sufficient volume of axoplasm to account for the amount of axon which appears peripherally between 0 and 100 days of regeneration. Using the present results combined with the data of Gutmann & Sanders (1943) we have calculated size factors in different crushed nerves, using axon instead of total fibre dimensions in the calculations. This has enabled us to obtain a figure representing the relative volume of axoplasm in unit lengths of the two stumps at different times after injury.* The two curves obtained in this way are shown in figure 18 . The figure of 0 days in the central stumps was obtained from the data for normal nerve. The point on the base-line for peripheral stumps represents the day before the arrival of the first axon tips at this level (approximately 7 days), assuming a rate of advance of axon tips of 4*4 mm./day and a latent period in the scar of 5*5 days (see Gutmann, Guttmann, Medawar & Young 1942 ). In the central stump the amount of axo plasm at first declines rapidly for about 90 days, after which it begins to increase. At 300 days after injury it is approaching, but has not yet reached, the normal value. In the peripheral stump there is a continuous increase in the amount of axoplasm, so th at after 200 to 300 days the relative volume per unit length is about equal in the two stumps.
The simplest explanation of these changes in axoplasm content is that for the first 90 days of regeneration the increase of axon volume in the peripheral stump results from a flowing out of axoplasm from the fibres in the central stump. Consider one of the largest fibres in a normal nerve, one with an axon diameter of 15/4 and a total diameter of 20/4. In the present experiments the nerves were crushed 80 mm. above the muscle entry, and approximately 100 mm. below the * The method used was as follows. .The fibres in the normal nerve and the central, and peripheral stumps at 60, 100, 200 and 300 days were divided into 2/4 groups and the mean axon diameter for each group calculated. The axon diameters at 70 days were assumed to be the same as at 60 days, and those at 90 days the same as at 100 days. Those at 130 days were taken as the mean of corresponding groups at 100 and 200 days, while those at 250 days were the mean of corresponding groups at 200 and 300 days. From these mean axon diameters the size factors were calculated from the data of Gutmann & Sanders (1943) by the method described in their paper.
cord. At 100 days of regeneration the largest axons found in the central stump had a diameter af about 12 p .Assuming th a t the diameter exists all the way up to the cord, the difference in volume between such a regenerating axon and the normal axon from which it is derived would be n x 105 x (7*52 -62) = approximately 6*4 x 106/43. Immediately below the lesion the largest fibre has an axon diameter a t 100 days of about 8-5/4. 80 mm. lower down, at the muscle entry, we may estimate th a t such a fibre has an axon diameter of 6-0/4. The volume of such a fibre in the|peripheral stump can be easily calculated to be approximately 3-3 x 106/43, a volume actually less than th a t lost by the fibre ih the central stump which gave rise to it. The first 90 days of regeneration, therefore, can be regarded as due to outflow only; the data do not indicate th a t there is any protein-forming system either a t the tip of the advancing axon, or within the expanding peripheral axon in the more proximal regions of the peripheral stumps. Further evidence th at outflow of some sort is taking place can be obtained by a study of the behaviour of fibres of different sizes in the central stump. The sheaththickness-axon diameter curves for central stumps have a different shape from the normal curve, which suggests th at the axons of small fibres decrease in diameter proportionately more than those of large fibres (see p. 345). In the initial stages the streams of axoplasm from both large and small fibres have to flow the same distance in order to reach the end organ. The amount of axoplasm required to produce fibres 5 of equal length will deplete small fibres relatively more than large ones.
From 90 days onwards, however, the axons in both central and peripheral stump increase in diameter together. Unless it is found th at within this period a protein forming system appears somewhere within the peripheral stretch of fibre, we can regard this secondary enlargement of axons throughout the nerve as being due to a further flow of axoplasm down the fibre, this new axoplasm being manufactured by the nerve cell. An analysis of the process of chromatolysis by the technique: of ultraviolet light microspectroscopy (Gersh & Bodian 1943; Hyden 1943) has shown that this process involves the absorption of water by the cell and the disappearance of ribonucleotide, which is presumably a constituent of the Nissl substance, from the cytoplasm. The whole process is regarded by Hyden (1943) as a mobilization by the cell of its resources before the beginning of protein synthesis, which is thought subsequently to take place at the nuclear membrane. Thus there is some evidence th at after nerve interruption the nerve cell is at first inactive and only begins to make protein at a relatively late stage. I t is therefore suggested that the provision of new axons in the periphery, which starts very early after a nerve interruption, probably takes place by the following process: the advance of new axons down the peripheral stump and their initial thickening is brought about by the outflow of axoplasm from the stretch of intact fibre above the lesion, possibly aided by a pressure in the fibre resulting from the absorption of water by the cell (Gersh & Bodian 1943; Young 1944) ; subsequently, the nerve cell starts to manufacture fresh axoplasm which passes down the depleted axons and restores them to their original diameters.
Not all the depletion of the central axons, however, is necessarily due to outflow of axoplasm. Weiss, Edds & Cavanaugh (1945) and Sanders & Young (1945 have compared the fibres in the central stumps of regenerating nerves which were prevented from making peripheral connexions with those of nerves in which connexion was allowed, and found that the central stump fibres diminished in diameter to a greater extent in the unconnected nerves. The fibres in the peripheral stump, however, had a greater volume in the peripherally connected nerves, so that the greater diminution in diameter of the central stump fibres of the unconnected nerves could not be accounted for on the grounds th at greater outflow had taken place from them. I t is therefore probable th at until connexion with the periphery is achieved there is an actual atrophy of central stump fibres in addition to loss of axoplasm through outflow. Further work, however, is necessary before the propor tions of the central diminution in diameter due to atrophy and outflow respectively are established.
The above changes in axon diameter are also accompanied by alterations in the myelin sheath thickness and the total diameter of the fibre. In the normal nerve fibre the myelin is closely bounded on its outer surface by the Schwann cell, the neurilemma and the endoneurium, the collagen fibres of the latter forming the walls of a tube surrounding the nerve fibre. This collagenous tube probably has a certain rigidity compared with the other, constituent elements of the nerve fibre, since it exercises a restrictive influence on the swelling fibres in the periphery during regeneration, and probably controls the final size which they may attain (Gutmann & Sanders 1943; Sanders & Young 1944) . In the normal fibre the axoplasm is probably under a slight positive pressure, perhaps a 'turgor' pressure from the cell (Young 1944) . This pressure will tend to expand the axon, and since the fibre is contained within a more rigid endoneurial tube, this tendency of the axon to expand must be opposed in some way so th a t a balanced system is maintained. I t has recently been suggested ) th a t the internodal myelin segments can be considered as deformed droplets, the shape of the nodes of Ranvier (the ends of the drops) being consistent with the view th a t the myelin wets the axon but not the tube wall. We can therefore consider the normal axon as being in equilibrium with its own myelin sheath, a concept which is helpful in interpreting the changes in myelin sheath thickness seen during regeneration. When the axon is severed the internal pressure is released, the axoplasm flows out, and the pressure on the myelin sheath is released, so th a t the droplets which form the internodal segments tend to round up under surface tension. Such behaviour should be accompanied by retraction of the myelin a t the nodes, a phenomenon which has actually been observed to take place (Young 1944) , the form of the droplets of retracted myelin being determined by the interfacial tensions between the myelin, the axon, the interstitial fluid, the tube wall and the elasticity of the tube wall. Further outflow would then tend to make the whole tube contract in diameter. Such a process would cause a sequence of changes in the dimensions of axon, myelin, and whole fibre very like those already described.
Similar ideas can be applied to interpret the conditions seen in the peripheral stump. Here the new, expanding, fibres are a t first smaller than the tubes in which they are running, the space between the tube wall and the fibres they contain being occupied by the Schwann cell columns, together with macrophages. When the fibres develop myelin sheaths the latter become relatively thicker than those on fibres of similar diameter in normal nerve. As the axons expand, the myelin sheaths they bear are reduced in thickness so th a t the normal relation may be eventually restored. Presumably, the effect of the continual flow of fresh axoplasm down the fibre is to increase its diameter against the gradually increasing resistance provided by the tube and its content of Schwann cells, until equilibrium between the opposing forces is attained. An effect of this will be to flatten out the myelin droplets, elongating them a t the expense of their thickness. The above changes in the central and peripheral stumps are summarized in figure 19 .
The actual process of remyelination is thus an extremely complex phenomenon in which many factors are involved. Whether a fibre develops a stainable myelin sheath a t all depends presumably upon its diameter (Duncan 1934) and whether it is a ' myelin-emergent ' fibre (Speidel 1932) . The subsequent adjustment in thickness of the sheath is shown by the present work to depend both upon the diameter of the axon bearing it, and the size of the Schwann tube in which it runs. Thus all factors which influence fibre diameter, such as the presence or absence of peripheral connexion (Sanders & Young 1945) will also affect myelin sheath thickness. There are no doubt further factors which have not been dealt with here. For example, it is not known what changes in myelin ultrastructure accompany growth of the
